Summary. The effect of insulin in vivo on the proliferation and cellularity of epididymal adipose tissue of growing rats was investigated. Following the intraperitoneal administration of small amounts of insulin (500 ~zU/ rat, twice a day), which did not influence the blood sugar level and food intake, it was found that repeated administration of insulin for 48 --72 h leads in adipose tissue to an enhanced incorporation of 14C-2-thymidine into DNA and to an increase of the total amount of DNA and RNA in the fat body. The enhanced DNA synthesis in adipose tissue of insulin-treated rats was marked in nuclear DNA and absent in mitoehondrial I)NA. After fraetionation of adipose tissue by collagenase an enhanced DNA synthesis was found in the fraction of adipose and stromavaseular cells. Morphological examination of adipose tissue of insulin-treated rats revealed cells in the phase of mitotic division and an increased ratio of fat cells of smaller size. Calculation of the number of cells in the epididymal fat body revealed that, after administration of insulin, the number of adipose and stromavaseular cells increased.
The growth of rat adipose tissue by hyperplasia of adipoeytes continues postnatally for at least 15 weeks [1] . This process can be stimulated by some factors, such as hyperphagia in the early postnatal period [2] , refeeding [3] and resection of fat bodies [4] . The hyperplasia plays a part also in excessive growth of adipose tissue in some types of obesity [5--8] . The control of proliferation in adipose tissue has not been elucidated. However some experimental investigations suggest that insulin plays a role in this process. The participation of this hormone in the triggering of DNA synthesis has been observed both in vitro and in vivo in many tissues, e.g. the mammary gland [9] , in liver [10] , cartilage [11] or in muscle [12] . As far as adipose tissue is concerned, the findings on the influence of insulin on adipose tissue proliferation are equivoeM. Salans found that the long-term administration of large amounts of insulin produced only hypertrophy of adipocytes [13] . On the other hand, Hausberger found that two weeks of insulin administration induced an actual increase in the number of adipose tissue cells [14] . Also, experiments on alloxan-diabetie rats showed that insulin was essential for maintenance of proliferation of stromal and fat cell precursors [15] . Evidence of the role of insulin in the regulation of adipose tissue proliferation is suggested also by findings that insulin enhances DNA synthesis in human adipose tissue in vitro [16] and stimulates mitotic activity of differentiated adipoeytes in cultured brown fat cells [17] .
The object of the present work was tO assess whether insulin in vivo influenced the proliferation and cellularity of adipose tissue of growing rats.
The effect of insulin was investigated after intraperitoneal administration of small amounts of the hormone, which acutely stimulates the glycogen and lipid synthesis in epididymal adipose tissue without affecting the blood glucose level [18, 19] or food intake [20] . Under these experimental conditions counteractions from the organism, such as the inhibition of endogenous insulin secretion [21] or the enhanced secretion of other hormones [22--24] , which may occur after insulin-induced hypoglycaemia, are eliminated.
The results indicate that repeated administration of small doses of insulin leads to enhanced DNA synthesis, mitotic activity and cellularity of adipose tissue. The preliminary results of this work were published earlier [25] .
Materials and Methods
For all the experiments male rats, Wistar strain (Velaz breed), aged eight weeks and weighing 180--200 g were used. The animals were fed ad libitum a standard laboratory diet containing 25 cal~o protein, 22 cal~o fat and 53 cal% carbohydrate. All animals had free access to water throughout the experiments. Crystalline insulin (Spofa) was injected intraperitoneally twice daily for 1--6 days in doses which are given below. Control animals received the same volume of saline. Animals were killed by decapitation at 20--22 h after the last injection.
The epididymal fat pads were removed, weighed and the parts distal to the major blood vessel were placed into the incubation medium to investigate I)NA synthesis in vitro.
The advantage of the in vitro system, as compared to the in vivo system, is in the exposure of the tissue to a uniform and sufficient concentration of the precursor for a measured period of time. These conditions also eliminate possible differences in the distribution, degradation and reineorporation of the precursor into DNA [26, 27] . Adipose tissue was incubated in KrebsRinger bicarbonate buffer (1/2 Ca++); pH 7.4; gaseous phase 95% 02+5 % COs; in a Dubnoff metabolic shaker at 37~ The incubation medium contained 0.9 mg/ml glucose and 2.5 mg/ml bovine serum albumin. As DNA precursor, 0.5 ~C/ml of 14C-2-thymidine (S.A. 46 mC/mMol, I~VVVR, Czechoslovakia) was added to the medium. Thymidine labelled thus --on a pyrimidine base of the molecule --is, according to some findings, more specific for the investigation of DNA synthesis than the frequently used methyl-att-thymidine, where the labelled tritium may be incorporated into lipids and proteins [28, 29] . This non-specific incorporation may be the source of erroneous conclusions on I)NA synthesis in long-term experiments or with partial digestion of proteins by the action of strong alkali during DNA extraction using Sehmidt-Thannhauser's method [30] .
After three hours incubation the adipose tissue was analyzed for its nucleic acid content. As will be mentioned, in some experiments from adipose tissue after incubation with thymidine, fat and stromavascular cells were isolated by means of collagenase, as described by Rodbell [31] . In the experiment where the synthesis of nuclear and mitochondrial DNA was investigated, the nuclei and mitochondria were separated from the fat cell fraction by preparatory centrifuging [32] .
DNA was extracted after delipidation [33] of tissue or cellular fractions, as described by Schneider [34] . The method was compared in some experiments with DNA extraction according to Schmidt-Thannhauser [35] . For this purpose the Fleck and Munro' modification [30] was used, where the contamination of extracted nucleic acids with peptides is reduced as compared with the original method of Schmidt,Thannhauser. The DNA concentration was measured either by the reaction with diphenylamine [34] or by ultraviolet absorbance at 265--290 m~. Calf-thymus DNA (Koch-Light, England) was used to construct a standard curve. Both methods of DNA estimation gave similar results.
The radioactivity in the extracted DNA was measured after dissolving in dioxane scintillation liquid (SLD 31, Tesla) in a scintillation spectrometer (ABAC, Intcrtechnique, France).
The amount of RNA in adipose tissue was determined by the oreinol reaction [34] and the protein content by Lowry's method [36] .
The fat cell size was assessed by microscopic measurement of the diameter of fat cells prepared, as mentioned above, by Rodbell's method and fixed in 2.5% glutaraldehyde. In every animal , by means of an ocular micrometer, the diameter of 100 cells was measured. The number of fat cells in epididymal fat pads was estimated by dividing the total tissue lipid content --determined according to Folch [37] --by the average fat cell mass (mean fat cell volume x lipid density 0.91). The number of stromavascular cells was calculated from the whole DNA content in epididymal fat pads by subtracting the DNA content of the fat cells.
For determination of the mitotic activity adipose tissue was removed immediately after decapitation of the animals. Small portions of the tissue were fixed in a mixture of ethanol:acetic acid (3:1). After staining with aceto-orcein the ratio of cells undergoing mitosis was assessed in preparations prepared by squashing the tissue.
The results were evaluated statistically using Student's t-test. Table 1 presents the changes of DNA synthesis in relation to graded doses of insulin injected intraperitoneally twice daily for a period of 72 h. Enhanced incorporation of laC-2-thymidine is apparent even after as small doses as 200 ~ U/rat and it reached its maximum after 500 ~U/rat. Between doses of 500 F.U and 2 U we did not find a further increase of DNA synthesis. A similar relation to the amount of injected insulin was observed for DNA content of adipose tissue. In subsequent experiments we investigated the time course of DNA synthesis and of the nucleic acid content. One to six hours after injection of insulin we did not find any changes in the investigated parameters. Fig. 1 . presents the results of another experiment where we investigated DNA synthesis and the nucleic acid content 24--96 h after the beginning of insulin administration. It is apparent that the DNA synthesis was significantly increased after 24 h and reached maximum values after 48 h. Seventy-two hours after insuFm administration the thymidine incorporation fell, but even after two weeks administration the synthesis was still higher (though not significantly) by 27% as compared with control values. The administration of insulin also increased the total amount of DNA and RNA in the epididymal fat bodies (second part of Fig. 1 ). The increased nucleic acid content persisted also during subsequent time intervals.
Results

Effect of Doses and the Time Course
Since adipose tissue contains large numbers of nonfat cells whose DNA synthesis is greater [38] , we made experiments where we assessed the insnlin-stimulated illustrates the results of one of our representative experiments, it is apparent that insulin-stimulated DNA synthesis occurs in all investigated fractions of adipose tissue. In this experiment we also investigated the effect of insulin on DNA synthesis in the major blood vessel supplying the epididymal fat pad. Small portions of the vessel (20 rag) were incubated with 14C-2-thymidine and after three hours incubation DNA was extracted. From the values presented in Fig. 2 it is apparent that insulin stimulated ~4C-2-thymidine incorporation into DNA in the vessel to a small and statistically insignificant extent.
From the above results it may be concluded that, under the influence of insulin, enhanced DNA synthesis occurs in the fraction of fat cells as well as stromavascular cells. As regards vessels, we may conclude that DNA synthesis is not enhanced in the major blood vessels.
Synthesis of Nuclear and Mitochondrial DNA
Subsequent analyses were focussed on the problem whether synthesis and accumulation of DNA actually [38, 39] , histological examination of individual cell fractions isolated by i~odbell's methods [31] revealed that absolute separation of adipocytes from stromavascular cells is impossible, despite repeated purification of the fat cell pool. Therefore the cellular constituents of the adipose tissue were divided after digestion with collagenase into fat cells, intermediary (containing both fat ceils and stromavascular cells) and the stromav~scular fraction, From Fig. 2 , which reflect enhanced cell division. The possibility that enhanced thymidine incorporation is DNA synthesis for polyploidy seems unlikely as polyploid nuclei in adipose tissue are found only in older rats [39] . Also our preliminary experiments, where we examined the tissue histologically following its fixation in formaldehyde and after Feulgen staining, did not reveal any differences in the intensity of the dye content of nuclei. The occurrence of binucleated fat cells was equal in both our experimental groups and amounted to about
3%.
I n subsequent experiments we investigated whether insulin stimulated the synthesis of extranuclear DNA. I n recent years it has been d e m o n s t r a t e d t h a t about 2% of the t o t a l D N A content in cells is accounted for b y mitochondrial DNA, which has a more rapid turnover t h a n nuclear D N A and which is synthesized also in cells which do not undergo division [40, 41] . F r o m the values of laC-2-thymidine incorporation into mitochondrial and nuclear D N A it is a p p a r e n t (Fig. 2) t h a t insulin stimulated, in our experimental procedure, only the synthesis of nuclear DNA.
Morphology of Adipose Tissue
The above results indicate t h a t insulin-stimulated synthesis and accumulation of D N A in adipose tissue most p r o b a b l y reflect enhanced cell division. Evidence for this assumption is provided b y the incidence of mitotic figures in the adipose tissue (Fig. 3 ) of insulint r e a t e d rats (in adipose tissue of control rats mitoses were recorded only rarely) as well as b y d a t a on changes a Average of 4 and 7 rats per group ~ S.E. b Insulin was injected twice daily in a dose 500 ~U/rat for three days.
c Difference as compared with control rats are statistically significant at p < 0.01. a At p < 0.001. (Fig. 4) indicates that in rats receiving insulin for 72 h the ratio of smaller adipocytes increased. Table 2 summarizes the results of the experiment where we assessed, in addition to the total DNA and lipid content, the size of fat cells in adipose tissue. ]~rom these values we calculated, according to Rakow [42] and Di Girolamo [43] , the mass of single fat cells and the number of fat and stromavaseular cells, l~rom the values it is apparent that the total number of fat and stromavaseular cells in the epididymal fat pads of the insulin-treated rats was increased.
Discussion
The present work confirms our previous findings on the stimulating effect of exogenous insulin on DNA synthesis [25] . It indicates also that the DNA synthesis is associated with adipose tissue cell proliferation, but is not accompanied by the formation of polyploid nuclei or binucleated cells. At the same time the mitochondrial DNA synthesis is not enhanced. As the response occurs after administration of small doses of insulin (which do not affect the blood glucose level and food intake) it may be assumed that the hormone directly stimulates the adipose tissue. This assumption is supported also by the fact that insulin stimulates DNA synthesis in incubated human adipose tissue [16] and enhances mitotic division in cultured brown fat cells [17] .
Our experiments further show that a higher adipose tissue proliferation induced by insulin is accompanied by formation not only of stromavascular cells [15] but also of new fat cells. This is suggested by the increased number of adipocytes assessed by calculation and histological examination which revealed an increase in the number of smaller fat cells. This finding is in agreement with previous observations of l~enold [44] and liausberger [14, 45] that chronic administration of insulin induced an increase in small, apparently young', fat cells in adipose tissue. The result of our experiments, where we investigated the DNA synthesis in the fraction of fat and stromavaseular cells, revealed that insulin stimulates DNA synthesis in all fractions including the adipoeytes. With reference to the technical difficulties discussed above, it is impossible to determine whether DNA synthesis in the fat cell fraction is due to a greater proliferation of preadipoeytes or possible contamination of the fraction with stromavascular cells. Some findings pertaining to the division of differentiated cells suggest the former of two possibilities. Investigations of various tissues revealed that processes of proliferation and differentation are not mutually exclusive ; on the contrary, differentation of cells is associated with an enhanced proliferating activity [46, 47] . Also Pilgrim's recent findings [48] support the possibility that in the fat cell fraction of insulin-treated rats DNA synthesis may be enhanced as a result of a greater proliferation of partly differentiated fat cells. This author found in adipose tissue during the early postnatal period the highest proliferating activity in preadipoeybes and not in non-differentiated mesenchymal cells. As preadipoeytes may already contain small lipid inclusions [49, 50] , they may pass into the fat cell fraction. In this connection Master's observation [17] is of interest, lie showed that insulin in cultured interseapular adipose tissue did not enhanced mitotic division in fibroblasts, but did in well-differentiated fat cells.
The findings pertaining to the effect of insulin on the increase in the number of fat cells are not in agreement with the conclusions of Hollenberg [15] and Salans [13J, as in their experiments exogenous insulin caused only hypertrophy of adipoeytes. Although different results may be due to the application of different methods or different strains of rats [51] , it must be emphasized that our experimental conditions differed from those used by the above authors. In both investigations the effect of exogenous insulin was studied after the long-term administration of large amounts of the hormone (6 U/rat and 5 U/100 g body weight resp.). These doses lead to an increased food intake [20] , which may affect the proliferation of body fat and hypertrophy of adipoeytes. On the other hand, in our experiments the effect of insulin on the cellularity of adipose tissue was investigated after administration of small amounts of hormone. Under these conditions insulin causes acute stimulation of adipose tissue [18, 19] , while the blood sugar level, food intake and body weight are not affected. The fact that the amounts used in our experiments led to a marked proliferation and increase of adipose and stromavascular ceils, but not to an increase of lipids in the epididymal fat body, is of interest. The explanation of this phenomenon can be only speculative. It must be considered that the net increase of body fat usually depends in the first place on the energy balance of the whole animal, which under our experimental conditions was not affected.
The idea is attractive that insulin may be one of the factors which play a role in the regulation of adipose tissue proliferation. This idea is suggested by findings that under conditions associated with temporary hyperinsulinaemia, such as refeeding with a high carbohydrate diet [52] , irLfrequent feeding [53] , or hyperphagia in the early postnatal period [54] , DNA synthesis and the number of fat cells in adipose tissue are enhanced [2, 3, 55] . Also in some types of experimental obesity, where excessive growth of adipose tissue is associated with hyperplasia [7, 8] , increased plasma insulin levels were found [56, 57] . On the other hand, changes in the proliferation and cellularity of adipose tissue were not found under conditions when the insulin level is not altered, e.g. during refeeding with a high-fat diet [58] . The important role of insulin in the maintenance of basal proliferating activity of adipose tissue is suggested also by findings of a reduced niabetologia, Vol. 10 6 DNA synthesis during fasting [3] or in alloxan diabetic rats [38] . Before final conclusions on the role of insulin in adipose tissue hyperplasia can be drawn, however, more detailed information will required.
